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ABSTRACT 
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X-Kay epissicn trem plasmas created by irradiating a solid 
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two fcil akscrpticrn method indicated temperatures ranging 
frem 136 to 185¢€¥. No suprathermal activity was detected for 
tre £011 combinaticns used. Temperature was related tc laser 
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temperature remained ccnstant for cratering with up te 25 


laser pulses fccused at the same spect. Prelininary 


measurements indicated x-ray intensity was proportional to 
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P over the range 10 to 300 micrens. 
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LT. INTRODUCTION 


(SRR Sr ee 


Continued improvements in the energy output and ccntrol 
of pulsed laser systems has stimulated intensive thecretical 
and experigertal interest in their use for the prodtction 
and study cf hot, dense microplasmas. Of the many areas of 
research invelving hct plasmas, the best known is the 
pessibility cf achieving controlled thermonuclear fusion by 
means of laser heated plasmas. The temporal and spectral 
egzissicn distribution of sceft x-rays frcem such plasmas, 
while ccnstittting an energy loss mechanism in fusion-type 
experiments, can re used as a powerful tocl in the study of 
plasma eélectrcen temperature, energy distribution of 
electrens and the development and origin of various 
instabilities. Pusion studies are directed towards laser 
reating cf Ilcw nuclear charge(Z) fusionaktle materials. By 
using high Z materials such as Aluminum, the emitted x-rays 
beccme a scurce for irradiation and for determinaticn of 


energetic atcnic levels. 


When a laser pulse of sufficient energy density and 


9 2 
duration (>1C &wycm ){ 1] strikes a solid ofacue target, laser 


light is atsorked and blowoff material is removed frcem the 
target surface. The material removed consists of both 
neutral garticles and charged particles (electrons and icns) 
woich, wher ccnsidered as a dense cloud cf guasi-neutral 
interacting icnized gas, is defined as a plasma. Further 
keating takes place Ey absorption of laser light in the 
expanding flasma. This is accomplished thrcugh several 
Frecesses including the inverse Bremsstrahlung process which 
involves akscrpticn of a photen by a free electron hich is 
raised tc a tigher state in the continuum available tc it. 
In this way plasmas can be readily heated tc temperatures in 
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7 
excess of 10 °K which corresponds to approximately 100¢«V by 


the relaticn, leV = 11,600°K. 


Much of the erergy which has been aksorbed by the 
Flasma via the mechanisms of ionizaticn and heating, 
preducticn cf fast particle groups and intense magnetic 
field generation must subsequently be emitted as the laser 
Flasma expands. A limited portion of the incident energy 
(usually <15%) is emitted in the form cf continuum radiation 
and the characteristic spectral lines of the target 
€lement's hignly icnized states. Most of the radiant energy 
has short wavelencth (<100R) placing it in the lcosely 
defined soft x-ray range, and the average energy cf the 
pactens ccrresfonds roughly to the electron energy{2]. 


The ccrtinuum portion of the x-ray emission is a very 
Beceus tcel, when coupled with £cil absorpticn theory, for 
determinaticn of plasma temperatures and ancmalous heating 
effects. Ite dependence fob a high-energy GuUtLOLeE on 
temperature allows determination of the high-energy 
continuug wavelength distribution and hence, a rather 
sensitive measurement of the plasma electrcn temperature. 
The diagncstic techniques involved in the deconvoluticn of 
plasma temperatures from x-ray emission will be the toric of 


mcst of the c¢€iscussion in follcwing sections. 


This study is the initial phase cf an NES Flasma 
Physics pregram tc establish a plasma x-ray diagrostic 
facility carable of studying electron temperature kekavior 
particularly in the area of anomolous electron heating. 
More specifically, it encompasses the design, manufacture, 
calirraticn and isfplementation of x-ray detection equipment 
which car suksequently be employed in detailed studies of 
early plasma temperature characteristics. In additicn to 


assembly cf experimental hardware, this report contains a 
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Summary cf previous efforts in this area of research and a 
detailed description of how temperature data is extracted 


frcemw x-ray information. 
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IIT. PREVIOUS WORK 


X-ray emissicn from a plasma was first cbserved in 1930 
by several research teams(3], but the first attempt tc put 
the disccvery to use in the evaluation of plasma parameters 
such as density and temperature was not until 1936[4]}. 
X-ray experimentation was restricted, however, by weak, low 
temperature spectra ccntaminated by impurities. These 
conditicrs existed until the early 1960's when the advent of 
high pecwer skcrt pulse lasers provided a ccnvenient source 
fer, Vacuuky ultraviclet and soft x-radiaticn by irradiation 
of targets. Much cf the ensuing research in the field has 
keen Gdevcted tc improving x-ray emissicn quality and 
quantity, refining diagnostic techniques to cbhtain accurate 
Flasma temperature evaluations and discovering the existence 
amigas CLigir cf instabilities. 


Two such early studies, unrelated to laser werk, are 
ccnsiderec tke foundation of much of current develcpzrents. 
Tre first is a paper by Jahoda{5] in 1960 concerning the 
continuug raciation in the x-ray and visible regions frcem a 
Theta-PFinch (Scylla) plasma. This was the first electron 
temperature measurement using the two fcil absorption 
technigue. This technique involves measurements cf the 
continuure rédiaticn passing thrcugh brcadband filters 
Genettucted from, thin metallic fcils. A ccmpariscn cf the 
intensities transmitted through foils of various materials 
and varicts thicknesses determines the wavelength 
distributicn cf the continuum intensity and, thereby, the 
electron temperature. Considerable data was ccuapiled 
emating tc the x-ray absorption characteristics of 
Beryllius(Be), Aluaginum(Al), Nickel(Ni) and Carbon(C) whose 
mass abscrpticn coefficients as functicns cf wavelengtkr are 


Shown in Figure 1. These absorption measurements yielded 
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informaticr akcut the spectrum of incident x-rays by the 
shape of tke plot cf transmitted intensity versus absorber 
thickness. Tke techniques and data continue to be cf use to 


present day experimentalists. 


The seccnd significant accomplishment came in the form 
cf two Naval kesearch Laboratory (NRL) reports by Elton{6,7}. 
These rercerts presented the calculations of the wavelength 
distributicn cf Bremsstrahlung continuum radiation per unit 
wavelength interval in the soft x-ray spectral region 
transmitted through various metallic £iiters. Also 
calculated sere the total integrated Bremsstrahlung 
radiation passing through absorbing foils cf Be, Al, Ki and 
C (and fcil ccrbinations) for temperatures varying frem 50 
ev tc 10Cke¥. This information is vital in ckrtaining values 
for the electrcn temperature in a plasma from measurements 


or the scft x-ray continuum emission. 


The fcil absorption technigue is still the most widely 
used in témperature determination, but an extensicn cf it 
called tke Ress Filter was suggested by Van Paassenf&j in 
1$71 for 2Z-finch devices and by Bernstein{9] in 1972 for 
plasma fccus devices. The Ross filter is ideally suited to 
Flasma devices which exhibit random variaticnos in intensity, 
spatial distrikuticns and spectral shape from fulse to 
fulse. It ccrsists of two identical detectcrs placed [Eehind 
twe x-ray akscrbinc fcils made from adjacent elements cn the 
Periedic chart. Thicknesses of the foils are adjusted to 
achieve gzwatcted transmission for all x-ray energies excerpt 
the rarge retween the K edges. This produces an 
experimental x-ray spectrum directly and avcids having to 
fit trarnsztission measurements with theoretical transmission 
values for ar assumed model. The highest K-edge available 
is that cf Uranium at 116 KeV, which places an upper linit 
on the erercy range for the Ross filter systen. Lower 


dauvts are deterzined by the difficulty in making uniforn 
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fcils cf filter elements that will transmit measureable 
amcunts cf x-radiation. Jchnson{10} designed a 15 channel 
Ress filter system which considerably reduced data reduction 
time and gfroduced a ten point energy spectrum rangince fron 
4.5 to 116ke¥ for each x-ray pulse. 


Much cf the early study of laser plasma electron 
temrerattres was directed towards confirmation that 
reasonably accurate temperatures could indeed be estimated 
frcom x-Lay irtensity emission. Targets for the laser fulses 
were low 2 materials such as Deuterium and Lithium which 
were used in suclear fusion research. X-ray intensities 
were detected Ey scintillator-fhotomuitiplier combinations 
Elaced tekind metal absorption filters. Thais eetorm of 
detection alicws gocd time resolution (<10nsec) when x-ray 
intensities are large. Respense of the scintillatcr is 
linear cver a wide wavelength range whose lower linit is 
approximately €&. Output of the photomultiplier is directly 
prcperticral to the x-ray flux passing through the metal 
Poa. . 


One cf the first extensicns of the x-ray temperature 
measuring technique was to demonstrate the relaticnship 
retween electrcn temperature and laser power incident cn the 
target, ®@. Early models based on a one dimensional flow 
approximaticr involved the laser pulse duration, t, as shown 


Seetelaticn 1, 


1,2 1/74 
Tc ‘ ime (1) 
2 


This mcdel is non-stationary in that temperature increases 
With tise as the plasma flcws towards the incoming laser 
light. It is unrealistic for long duration fulses because of 
the radial expansion of the plasma and suksequent decrease 


OmF abso ret nv it x. 
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A wore acceptable model was proposed ty Bobin{11]} and 
cthers, fcr steady state situations where the laser pulse 
duration is longer than the heating time of the plasma 
(heating tire is of the order of ryv where r is focal spot 
size and v is thermal flow velocity). The resulting scaling 
law is sktcwn in relation 2, 


s/7 2/9 
rE 


Ta® (2) 


where the ccrstant cf proportionality depends on the flasma 
@oectrticn ccefficient. 


A simple limiting case of relation 2 assumes that 
heating is lIccalized to a plane cf critical density and the 
calculated plasma temperature is independent of assumpticns 


akout the flcw geometry. T becomes dependent on the two 
2 : 


thirds pewer cf leser flux density which is useful in 


shcwing the general distribution of energy in the spectrum. 


when it Léecameé apparent that laser x-ray spectrescopy 
had eéstaklished itself as a reliable diagncstic methcd for 
fusicn research, higher Z materials were substituted fcr the 
traditional Leuterium and Lithium. The new materials such 
as Aluminum, Magnesium and Iron had a much higher x-ray flux 
density and cffered the unique advantage that the icnization 
stages precuced by the laser beam were already a reascnahly 
gccd indicatcr cf the electron temperatures reached in the 
plasma. This spurred interest in laser-energy to x-ray 
ccrversicn efficiency led to a paper ty Malilezzif[12] 
descriking laser-generated plasmas as a source of x-rays for 
médical applications. In an effort tc fproduce high 
rescluticn medical radicgraphs, x-Lay ccnversion 
efficiercies cf greater than 25% were repcrted for Nd laser 
light focused cntc solid iron and copper targets. The 
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technigue was to vaporize and ionize material near the fccal 


11 2 
spot Ey a prepulse (13, 10nsec,10 Wycm ) and heat the 


14 2 
resulting flasma by a main pulse (100J, 10nsec, 10 S&/cm ) 


via the inverse Bremsstrahlung absorpticn process. For 


medical radicgraphs of thin samples, the x-rays in the 
Vicinity cf 1keV¥, which comprise the bulk cf the emitted 
spectrum, weculd tre employed. For thicker samples to he 
studied, the harder (though sparser) 2 to 20keV range wculd 
be useful. The laser source with its shert pulse width 
would match tre resolution of conventional sources while 
having tke tnigue capability of arresting EFiological acticn 
that might cccur with living samples being photcgraphed. 
Ccnversicn efficiencies in excess of 50% have been shcwn to 
be theoretically fossible if the plasma can ccnvert a 
Significant fraction of laser energy to x-rays in less than 
insec so that little energy will be availarle to gererate 
Seucng tagnetohydrodynamic motion[ 13]. Maliczzi's 
Experiment was Significant in the field Oye plasma 
temperature diagncstics in that he develcped an x-ray fire, 
Similar tc a light pipe, capable of channelling soft i-rays 
te internal lecations of the bedy without dasaging 
intervening tissue. The device enhanced £-Eaqea ction 
gedaveted On a line-of-sight path by a factor of 32. Curved 
tuce enhancement was abcut 8 times. These experiments lead 
=C a class of x-ray pipe devices for enhancing the 
depcsiticn ci plasma radiation cn pnctographic film. of 
particular interest is an experiment by Lieber{ 14] whe has 
used micrc-ckannel plate(MCP) for collimating soft x-ray 
images eritted by laser plasmas, thus significantly 
increasing spatial resolution. While the extremely simple 
pinhole camera is still the most popular for sfatial . 
rescluticr, ccllimating devices are gaining in pcpularity 
especially ir areas where x-ray flux densities are very 
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lizited ry laser, target or environmental ccnsideratiors. 


Solid state detectors for temporal resclution came into 
use with the Eess filter systems{8,10] because of their fast 
response tine, low voltage requirements and ease of 
Situating large numbers of detectors in ccnfined sfaces. 
The siliccn surface barrier detector and the diffused 
junction detector are available for x-ray detection with the 
latter siliccno PIN diode being the mest popular because of 
its greater sensitivity to high energy x-ray photens (>1 
keV). FIN diodes consist of an entrance window dead layer 
Gemgmamecet.¢ Micrcns{N), an active(depleticn) layer cf 75 
to 500 sricrens(I) anda positive silicon layer(P). Upper 
anc lewer energy detection limitations are determined Ly the 
thicknesses cf the active layer and dead iayéer respectively. 
Per predtcticn of one electren-hole pair in siliccn an 
emenrgy ci cniy 3.6 eV is needed so that a linear response 
can be expected in the soft x-ray regicn{15]. Surface 
b-arrier detectors ought to be more sensitive to low energy 
X3-crays than FIN diodes because of their negligible dead 
layers. Heowever, even the thinnest K-edge aksorption 
filters are toc thick to allow exploitation of this 


fotential advantage. 


X-ray diagnostics could be very useful in the stucy of 
laser ccupression fusion, where the time response cf flasnma 
parameters tc shaped laser pulses has a subnancsecond 
rescluticn scale, if a suitable detector were availakle. 
Key{ 16} ccnstructed such a detector in the fcrm of an x-ray 
vacuun phetcdiode capable cf a resolution of 1.0nsec 
ccBrared to ecintillator-photomultiplier cr semiconductor 
dicde resoluticn times of 2 to 5nsec. The vacuum dicce was 
cylindrical with a central anode Liased at 3000V¥  surrcunded 


by a cathcde and the intervening space evacuated tc chamber 


eS 
pressure {10 Torr). One end cf the cylindrical structure 
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was covered with the absorpticn foil while the signal and 


high vcltage leads were connected to the other end. Several 
layers Cr EF screen and insulaticn completed the 
superstretcture. The diode had an absolute quantum efficiency 
of 30% and a response time of 1.0nsec. Following the Lasic 
design cited by Key, a similar type diode will be 
ccnstructed as part of the NPS diagnostic pregranm. 


Assuting a Maxwellian velocity distribution, radiation 
frce a EFlasma is thermal in nature resulting from 
Eremsstrahlurg and recombination. There is, however, a 
peculiarity cf flasma x-radiation demcnstrated by the 
phenemencn cf sSuprathermal electrons which creates abrormal 
spikes in tte x-ray emission spectrum{17]. The non-tkermal 
Tadiaticn frem a plasma brought about ky these fast 
electrons causes deviation from electron temreratures 
calculated under the assumption of a Maxwellian velocity 
distrikuticn. Figure 2 shows the x-ray intensities fassing 
thrcugh frerylliun and Aluninun foils of different 
thicknesses. The two solid lines indicate temperatures of 
2keV and 0O.SkevV calculated by assuming a Maxwellian 
distributicna. They are straight lines on a semi-log pilot 
with a negative slcpe as predicted by theory. The curve of 
measured values indicates, not a single temperature, but 
temperatures varying from 500eV to apprcximately 2kev 


(extrapolated to an extreme point cn the graph). This means 


5 
that the x-ray emission is enhanced up to a factor of 10 at 


tke high erergy end of the measured interval (15keV). If 
the laser energy is lower, the calculated curve is shifted 
tc the left and leng wavelength x-radiaticn can neo longer 
penetrate the thinnest foils. The enhancement effect then 
dctinates tte entire measuring range and sisulates toc high 
temperatures(1&]. Thus ancmalcus temperatures from x-ray 
measurements can be used aS an indication cf the existence 
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cf suprathergzal electrons. 


Supratherzal electrons were noticed in experimerts as 
early as 1S€&{[19] and have been attributed to several 
Fossible catses including growing-mcde or cscillatirg two 
stream instakility{290], core-corona decoupling[ 21] and 
parametric interaction between plasma and light (parasgetric 
icn-accustic instabilities) [17, 18,22-24]}. Although the 
mechanisa fcr preduction of suprathermal electrons is not 
fully understccd, it is widely telieved that the cause 


criginates in the ion-acoustic instability. 


The ion-acoustic instability is initiated as icns form 
a uniform tkackgrcund for electrons oscillating ccherently 
and cclliding in the local light field. As the electrecn and 
icn fluids, are heated, they begin to oscillate independently 
@aethe akserce of external fields. Ions oecillate at the 
lon-accustic frequency and electrons oscillate at the 
electren plasma frequency. The strong electromagnetic field 
of the laser beam couples the two oscillations by means of 
the space charges which are created. In the neighbcrhcod of 
the plasma frequency, ion and electron fluctuaticns of 
suitable wavelengths may be driven unstable. This results 
in the distorticn of the Maxwellian electron distrikution 
and the generation of groups cf fast particles (Suprathernmal 
eect rens) . The energy of the unstable waves is then 
ccnverted into thermal energy by collisioral and Ilandau 
damring[ 1€]. 


Nishikawa{19] established the basic formulaticr for 
determining the cnset of parametric instabilities. fe was 
akle tc derive simple model equations for the coufglirg of 
tuc waves due tc the presence of a third wave with large 
agplitude. &hen certain plasma parameters are known, the 
€guaticns are able to predict an approximate value fcr the 


foeer density necessary to perturb the plasma to an unstable 
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2% -3 
ccndition. For a Nd laser with plasma density 10 cm , and 


electron temperature 150eV, the threshold laser power 


13 2 
density is agproximately 1.5x10 Wycm . 


At the NPS Plasma Physics EaGaaas Vy, McKeef[ 25], 
determinec tkreoretically the relationship ketween laser flux 
and plasmta temperature by using a computer code tc solve 
Numerically equations 4.49 and 4.51 of reference 1 for 
irradiaticn cf a 5 mil thick mylar foil with a 3004W, zSnsec 
full width at half maximum (FWHM) Nd laser pulse. The 
Maximum temperature obtained was approximately 100E€V which 
occurred several nanoseconds after arrival of the maxinuno 
lasér intensity at the target. The model used did not 
include the effects of background pressure which influences 
the flas@a expansicn dynamics. This is a result of incident 
laser e¢rergy ionizing the ambient gas backgrcund creating a 


Flasma-plasma imteraction. 


A ccntinuaticn of McKee's work by Bird{26] with an 
emphasis cn expansion of the plasma intc various backcround 
Eressures shcwed the development of reverse magnetic fields 
attributed tc the creation of an axiai electron temperature 
grajient at the plasma front due to sncwplowing cf the 
ambient flasgza. The magnetic field was predicted to scale as 
the cube root cf the ambient flasma density. 


An attempt will ke made in this study tc experimentally 
confirm the «maximum temperatureylaser fulse reiaticnshif 
predicted Ey McKee and to determine the scaling relation 
that exists between the ambient background fressure and the 


X-ray inteéersity emitted from the plasma. 


Ze 
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A. LASEB ENERGY AESORPTION 


An intense laser light pulse incident on a target 
couples with the target material. If the target is 
sufficiertly ofagque then it can be assumed there is ano 
transmission. All of the energy is either absorted or 
reflected where reflection is initially governed by oftical 
Petlectivity. Abscrption occurs through a ccupling cf light 
with the target material. Photon energy is ccnverted into 
thermal and zechanical energy and the plasma is initiated. 


Free electrons are initially produced by an ag yet 
unkncwn sechanisn. Since the laser light photcn energy 


(hv=1.17¢¥ for Nd laser) is less than the ionization energy 


of the atems (5.98eV for ser direct fhotoicnization cannot 
occur and cther possible mechanisms have teen suggested: 
multiphotcn icnization (absorption of 6 photons in this 
casé), stimulated Raman effect, easily ionized impurities, 
surface effects, or ionization due to scattered ultraviciet 
light frcm tke laser flash lamps. The abscrftion preccess is 
thus divided into two stages, the production of the initial 
icnizaticr and the subsequent cascade Ey which the 
Homizaticn grows. The avalanche process in which a Single 
light guantua is absorbed by a free electrcn in the field of 
a heavy icn cr atcm (to conserve momentum) is called inverse 
BEressstrahlurg. This is equivalent to the resistive damping 
cf the laser light wave due to electron-icn collisicnog[ 27}. 
The free electrons with increased energy icnize other atoms 
and the target surface at the focal spet is tcapidly 
transformed into an ionized absorbing plasma even in tne 
initial stages of interaction when a negligible amcunt of 


the pulse energy has been delivered. 
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Energy flux is absorbed in the plasma cver a distance L 
in accordance with the equation 


w= W{1-exp (-KL)} (3) 


where a is the incident laser energy flux and Kin inverse 
centimeters is the aksorption coefficient given by[1] 


8 3 2 12 3 
S=— 2.69716 (Zn /Tt y ) {l-exp(-hy/kT )} (4) 
& e 


a. and of are lon and electron densities in ie in a flasma 
of averace charge Z and temperature Le in cleceron volts, ov 
is the laser frequency, cis the velocity of light, e is 
electronic charge, m is electron mass, h is Flanck's 


ccrstant and k is Eoltzmann's constant. The tern 


l-exp(-hy/kT ) 
- 


acccunts for lesses py stimulated emissicn. 
If the plasma frequency is close tc the laser light 


frequency tren the classical abscrption length of a flasma 
is 


tf —255 10 ft /D (5) 


where L is in micrens. For a plasma temperature cf 100eV 


20 -3 
and density 10 cm , Lis 50 microns. Efficient heating 
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recuires that the plasma aksorbs light throughcut its 


characteristic dimension, L . If L is greater than L then 
Pp Pp 


the plasma beccmes transparent to a portion cf the incident 
laser light and energy will be lost; if L is much less than 


L then enregy is dumped mostly at the surface ard the 
F 


Flasma will rect be heated uniformly. 


Laser radiation cannot propagate at plasma densities 
higher than the critical density defined as 


2 2 
n = aw /47e (6) 
c 


where the optical frequency W must be greater than the 


plasma freguency W. For the Nd laser (\=1.06ym) the critcal 
E 


2i =—3 
density cf the plasma is 10 cm . Concentrations cf free 


electrons beycnd this density will cause reflecticns of 
incident light. It is, however, desirable tc have a layer 


cf electron density as close as possible tc n in crder to 
c 


Bataerze tke akscreticn coefficient . 


Atscrbed energy goes primarily inte electron kinetic 
energy. The time for equilibration transfer of absorbed 


energy frem electrcns to ions is cf the orderj 1] 


t = 252AT Jno ena (7) 
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~3 


Meere Tf is in 9K and n is in cm . InA is approxizately 
€ e 


10 for a wide range of plasma farameters and A is the atcmic 


weight cf the ions. For an Aluminum plasma (A=27, Z=3) of 


6 2c -3 
temperature 10eV (T=1.16x10 XX) and density 10 cm , 


equilikraticr time is 
ta 1.0 seconds 


The duraticn cf the Nd laser pulse is apprcximately 50nsec 
with a FREHM of 25nsec. The plasma, therefore, is keated 
during tke laser pulse of aprrceximately . 


=~ 8 
= 5 <740 seconds 
p 


and the time for an electren to relax to the equilibriua 
Maxwellian distribution is short (t <<t ). Thus the flasma 
e P 


temperature and eleéctrcn temperature are approximately equal 


and mscst cf the prceperties of tne absorption and emission 


can be cGescribed by the parameter fT , the electron kinetic 
e 


temperature. For pulses approaching picoseccnd duraticn the 


electrcn-ion energy transfer process cannct be regarded as 


instantaneous. 


Flassa motion after the initial phctcicnizaticn can be 
descrikted by a hydrodynamic flcw in which mass, energy and 
mcmentum are conserved. The various zones of interaction 
illustrated in Figure 3 are: (1) ais the laser light 
aksorpticn zcne with density of the rapidly expanding flasma 
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clcud increasing tcwards the highly absorbing slab at F 
where electron density equals the critical density. New 
material is iorized at FP to sustain the plasma. (2) is the 
zcne where the plasma density is that of tke shock 
ccgepressed sclid and heating is by heat conduction. The 
pressure at F initiates a ccmpression wave which travels 
with its shceck front S$ into the target to ccnserve nomentun. 
(3) is the undisturbed solid. 


Free electrons in a Maxwellian velocity distrifrution 
lose their energy by inelastic collisions with ions, X, of 


positive charge, Zz, via ionizaticn and excitation, 


e+ X¥—etert X (Lonization) (8) 
Z Zt 
= e 
e+ X¥ —ert X (excitation) (9) 
Z Z 
and by the radiation processes: Premsstrahlung, 


reccmbination and line transitions. 


e+ X —e+t+ X + by (Brensstrahlung) (10) 
Z Z 
e+xX — xX + hyp (recombinaticn) (11) 
z+1 Z 
* 
X =X + hy (line) (12) 
Z Zz 


The inverses of these are inverse Bremstrahlung, 
phetoicnizaticn and photo-excitation[{28]. Consideration of 
the three radiative processes shall be the tcpic of the next 


secticn. 
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B. ELASMA X-RAY EMISSION 


Enercy which has been atksorbed by a target must be 
ccnverted tc new forms or emitted as e€lectromacnetic 
Cadiatior sc that conservation laws will apply. Radiation 
frcm the ¢lasma is both continuum and line, and wher the 
fFlasma enercgy is high enough, wavelengths cf interest fall 
in the x-ray region. The term x-ray, as used here, refers 
to the electrcmagnetic spectral region where wavelengtts are 
less than 10C&. Soft x-rays with low penetrative power fall 
in the appreximate region 1004 to 14 Frem Figure 4 this 
can Fe ccnverted tc the energy band of about 100eV to 10keV. 


X-rays generated in high-energy laser flasmas have the 
tsual Bregsstrahlurg and recombinaticn continua of icnized 
gases at Ilcwer energies and line emission similar to the 
type usually viewed in the optical spectrum. Examinaticn of 
the radiative precesses in the x-ray region is therefore not 
a new spectrcscopic technigue. It is merely an extensicn of 
well kncwr methods into a high energy regicn of the spectrum 


in crder to determine plasma properties. 


The extension cf diagnostics for high temperature 
plasmas intc the x-ray regicn is essential for oktaining 
cciplete s¢pectrescopic information. This is made apfarant 
Ey considering the wavelength of the smaxinum in the 
Miseneiry distribution of a Black-Body radiator. ftis is 


related to temperature by Wien's displacement law 


Ar = 0.29 [em °K} (13) 


At te®peratures c£ 10, 10 and 10 °K, the radiation 


spectral intensity maximum appears at 260, 29 and 2.9%, 
Clearly wsitkir the defined soft X=fay region fon 
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6 
temperatures greater than 10 °K. The black-body thecry is 


an incorrect assumption for a plasma since it will radiate 
in this manner only fer frequencies at which the absorption 
lergth is less than the plasma dimensions[1]. The rate of 
radiaticn wouid obey the Stefan-Boitzmann law 


4 2 
E=oT [W/cm ] (14) 
a2 

where Co is the Stefan-Boltzmann constant (5.672x10 
2 4 7 1€ 2 


Wwycm °K ). At a temperature of 10 °K, E is 5.67x10 Wycn 


which is a wuch larger amount of energy than the piasu#a can 
Suppert. Radiation intensities from a flasma are much less 
than this fcr the temperature indicated (i.e. less than the 
incident laser energy density) but the Black~bcdy theory is 
useful in indicating the approximate spectral location of 
the peak intensity regardless cf its magnitude. It apgplies 
tc the optically thick situation where radiation frem the 
interior does not get out. A better radiaticn model would 
be a Grey Bcdy distribution for which the emissivity is much 
less than cne while the distrirbuticn retains the 
characteristic Black Body share. This modei is valid fcr an 
akscrpticn length greater than or comparable with the flasma 


eparaeteristic length. 


Line radiaticn in a plasma occurs ECE electron 
transiticrs kEetween discrete or bound energy levels of 
multiply charged ions from heavier elements. Lighter 
elements such as Hydrogen and Helium are usually completely 
stripped in a high temperature plasma resulting in no line 
Edidedt ico. Intensity of line radiaticn frcem highly icnized 


aeemc 2m an cptically thin plasma is 


29 








te = (89; A hn 6 (15) 
L n 


where A is the transition probability, an 25 the §20n 
L zn 


density in guantum level n and 6 is the thickness cf the 


cptical layer. If a Boltzmann distribution could ke assumed 
between upper and lower states, the ion density could be 


éasily calculated and an accurate value for I would result. 
L 


This is net the case, however, Since thermal equilibriun 
Tarely exists -tetween the ground state and the excited 
state. A rough calculaticn of line intensity can be 
achieved Ey assuming that transitions frcem lower states 
dctinate tke radiation and by applying apprcximate ion cross 
sections. Summaticn over all transitions can ke omitted if 
it is further assumed that mest radiaticn occurs in the 


rescnance lire, leaving the relation, 


372 S172 
ieesc nO (Bie) (KI ) exp(-E /kT ) (16) 
L ztoeoe € nt e 


Phere E , wae the Gxcitation of the resonance line. 
D 


Temperature diagnostics becomes difficult at this point 


because cf tke interdependence cf density and electron 
tebferature. A further complicaticn is broadening of 


rescnance peaks by Deppler and collisicn mechanisms. 


The ultimate result of these compounding approximations 
anc inaccuracies is that information about electron 
temperature via the absolute intensity in the center cf an 
optically thick resonance line rarely leads to ccrrect 
values. This is the case in spite cf the freferred 
exponential temperature dependence in equaticn 16. Elasaa 


electrcen temperatures are most frequently arrived at through 
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continuug diagnostics which tend to be more reliable. 


Further discussion 
relaticn to flasua 


The share and 
due to transitions 


Ey the interacticn 


(1) FREE-FREE 


of line radiation will be confined to its 
impurities. 


intensity of the x-ray ccntinuum spectrum 
within a given ionic state are determined 


of the follcwing transiticns: 


TRANSITIONS are the result Of 


acceleration cf electrons due to scattering by the 
Coulceb fields of other charged particles (usually 
ions). Since the initial and final states cf the 
electrcn are ccntinuous, the subseguent Eremsstrahlung 
(braking radiation) is also ccntinuous. Intensity is 
dependent cn the square of the nuclear charge (2Z?). 


(2) ECONC-FREE TRANSITIONS are produced by radiative 
Capture cf an electron and the subsequent emissicn of 
a pbhetcn. These transitions also sive rise toa 
continucus spectrum but with absorptionyemission edges 
at wavelengths ccrresponding to the apprcpriate 
lonizaticn potentials. This radiation spectrum has 
essentially the same shape as the Eremsstrahlung 
spectrum, but the recombination spectrum dominates at 
short wavelencths due to its intensity dependence cn 


the fcurth power of nuclear charge (Z*). 


(3) BCOND-ECUND TRANSITIONS characterize electron jumes 
between energy levels of the same ionic state. The 
discrete nature of initial and final states results in 
line radiation. The intensity of this fradiaticn is 
dependent on the sixth power of nuclear charge (2°) 
and ccnseguently, it predcminates at the frequencies 


ae wach it cccurs. 


These radiative transiticns are illustrated in Figure 
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5 for the radiation spectrum TOL A hydrogen flasma 
contaminated by 2% oxygen. If impurities are present in the 
target gaterial (e.g. high Z elements like oxygen), 
reccmbinatior and line radiation obscure the free-free 
radiation, farticularly near the shert wavelengths where 
excitaticr energies of the higher Z ions are of the order of 


f . Eguaticn 16 shows that as E : approaches kT frcem the 
< n e 


high side, ae Fecomes increasingly large. Fer a 1keV flasma 


ccrtaining cnly 1% oxygen ions with cne remaining electron 


ope Z=8) line radiation is approximately 300 times the 


Ginimum Eremsstrahlung radiaticn. If steady-state icnization 


were reached Ey cc#epfletely stripping the Oxygen icns, the 
Bremsstrahlurg radiation would increase only by a factcr of 
3 at 1.5ke¥. Aside from spall effects due to the Gaunt 
factor, reccmpination radiation has the same spectral shape 
as Eremsstrahlung, except fcr low frequency cutoffs when the 
energy of the emitted quantum equals an ionization energy of 
the emitting icn. The reaction rate for each of the two 
transiticns is a function of temperature and density but the 
rele of e€ach process varies considerably for different 
temperatures and different spectral regions. As a result of 
the ccmplicated nature of electron temperature/radiation 
lntensity dependence, radiation intensity cver certain 
spectral ranges can be only a weak function cf temperature. 
However, the absclute intensity of these same spectral 
Tanges can te used to determine density even if minimal 
temperature information is available. Flasma density is 


mcst readily measured in the visible spectral range where 
~iy2 
the temperature dependence reduces to T - The strong 
e 


exponential dependence of the spectrum in the neighbcrhcod 


cf the shcert wavelength cutoff implies that the smost 


sensitive temperature measurements can be sade in the x-ray 


a2 


Beg TOD); 


Bregsstrahlung and reccmbination transitions with 
Maxwellian velccivby distributions exhibit €mission 
coefficients which are functicns of plasma density, nuclear 
charge, electron temperature and the Gaunt factor for each 
respective transition. The Bremsstrahlung Spectrum 
increases without limit in the long wavelength direction. 
The Maxwellian assumption can be made because in the process 
of electrons radiating, the time between emissions is 
usually lcenger than the time between ccllisicns with other 
electrons. The high collision rate presumes a  néar 
Maxwellian distribution function. Emission coefficient for 
Eremsstrahlurg radiation (per unit frequency interval fer 
unit voluze cf plasma in a solid angle 47) is 


2 i ce 


/ 
J = AZ Da E /kT exp {-byp,ykT 7 
Pra i etre! a? a P{ 7 ot (17) 


where g is the Gaunt factor for the free-free transiticns, 


=4.0 3 
macea nimerical factor equal to 1.7 x 10 erg cm , no. and 
a 


mh are icr ard electron densities and BE is icnization 
€ H 


energy cf Eydrogen (13.58eV). The Gaunt factor represents 


the departure cf the guantum-mechanical calculation frecm the 
classical result and is averaged over the Maxwellian 
velccity distribution at the electron temperature T. ct 
e 
varies tetween 1.39 and 1.16 for T FEetween 100eV anc SkevV 
2 
and appreackes 1.103 at higher temperatures. As a first 


approxipatica, Le is usually set eguai to 1. 
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Converting equation 17 to emission per unit wavelength 
interval yields 


-~28 2 -2 -1 2 
mA) = 1.9%10 Zao Gok (kT } exe (-hc/AkT ) (18) 
ff nL se5e € € 


Total Cadiated Bremsstrahlung power is obtained by 
integratirg this over all wavelengths, 


-33a tye 2 
E = 1.5x10 (kT ) Geavueo 2 (19) 
fe < ffeil 


where T is in electron volts. 
e 


The coefficient for free-free radiaticn is propertional 


to continuum intensity which produces a maxipum at 


= He 7 (20) 
e 


Fer lcng savelengtks(A>>hc/kT ) in the visiktle range, the 
e 


spectral share loses its strong exponential dependence cn T 
e 


-iv2 
But netaims its T relation. However, for short 
e 


wavelengths (AsShc/kT or hyp2kT ), the spectral shape is 
e e 
strcngly tezperature dependent threugh the dcuinant 


expcenential tern. When hy>>kT , the Ilcgarithm of the 
= 


Speetrdadl distributuion of a continuous spectrun is 
essentially a staight line whose siope is given by electron 
tegperature kT (traditionally plasma temperatures are 


e 
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gucted in electrcn volts). This method of determining T is 
e 


widely used in experiments where x-radiation is due to 
Bremsstrahlurg ot thermal electrons. A couplicating 
feature, hcrever, is the need for having reliable 
informaticn cn which part cf the electron density is 
responsiktle fcr the temperature. Ti Syne distributicn of 
particles is rather complicated, the electron temperature, 
as detergzined from the shape of the continucus spectrum, may 
cnly aprfly tc a small fraction of the plasma being studied. 


Freguency dependence of the recombinaticn emission from 
electron capture into completely stripped iors is 
approximately ccmparable to free-free emission in the 
classical limit. The comparison is made after disregarding 
guantum sechanical corrections tc the classical medel and 
discontinuities in the emissicn spectrum at frequencies 
ccrrespcndine to the ionization potential of the final 
state. The emission coefficient of the radiaticn due to 
reccmbinaticn for a level with a principle quantum numter kK 
per unit vclume of plasma in a solid angle 47 fer unit 


frequency interval is 


3y2 2 at 
T wy) =36m n (EF /KtT E /E K N 
EE B ieé { H 7 76 ( ik’ a? 


X exp{(ZE  - hy)} (21) 
aK 


where £ is the ionization potential of the target element 
ik 


or impurity. If the K shell is simple, then the number of 
2 
empty sites, 8, is equal to 2K . Expressing ae in terms of 
2. 
K and z ty tke relaticn 


oye) 





2 2 
BF = (-13.58% )/% (22) 
aK 


allcws egtaticn z1 to ke reduced tc 


2 


* - 3/ 
a VY) =6Z no K Ee KI 
fb‘ B a oes : a’ a 


X exp{(E. - hy) /kT 3 (23) 
1K e 


The fourth fewer of nuclear Charge indicates that free-bcund 
radiaticn dcninateés at short wavelengths fcr plasmas whose 


ccmponents bave ionization potentials near kT. 
€ 


For a ccmposite spectrum comprising only Bremsstrahlung 
and reccukination continua, spectral intensities are 
strengly temperature dependent. If the spectral reéegicn is 
fair encugh Tne the short wavelength regicn where 
recombinaticn series limits are not a hindrance and if there 
are negliciktle impurities, then accurate temperatures can be 
estimated frcem x-ray intensities emitted from a plasma. This 
Bediome is Lteliow 14.28 for the example in Figure 1. At 
lenger wavelengths approaching the visible region, it is 
Clear frem equation 17 that as A increases, V decreases 
causing euu7ss ) to become small. Hence the exponential 


approaches 1 and the emission coefficient becomes 
tye 


2 
it = Z 2 /ktT 24 
Tee (Vv) B eee Ae o) (24) 


Eut shows re spectral dependence on fT [29]. Thus in the 
. @ 


visible regicn, electron density can be extracted fren the 
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rd 


aksolute intensity of emission if n Z2 can te determined. 
i 


The mechaniecn for deconvolution of electron 


tepperatures frem emissicn intensities shall be the topic cf 


the next secticn. 
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C. PLASMA TEXKFERATURE FROM CONTINUUM INTENSITY 


The mcst pofular and least ccmplicated methcd of 
determining reasonably accurate plasma temperatures is to 
measure tke relative transmissicn through absorption filters 
cf twce cr ucre thicknesses. Since absolute intensities of 
continuous radiaticn depend directly on electron densities 
(eguaticn 28), temperature, which appears in the 
exponential, can rest be obtained from relative measurements 
cf the ccntirucus radiation at different wavelengths. 


If eguaticn 18 is reduced to the form 


T(A) = I,(A) exp (-E/kT} (25) 


where B is the x-ray photon energy, it can Le seen fro the 
exponential that for electron temperatures in the area of 
10CeV there is a rather rapid intensity decrease £Or x-rays 
in the 1keV range. 


-s 
I(X) = I (ny) exp{-10007100} = 4.5x10 I (AX) (26) 


This neat cutoff point which is highly temperature dependent 
is the basis fer extracting sensitive temperature 
measurements frew high-energy continuun wavelength 


GL etrib@ricns. 


Weer pcertven of the cutoLf can Fe varied artificially 
Mmreeeiactng act abscrption filter in front of the %-ray 
continuus detector. Among all the characteristics of 
Xx-radiaticn, the rest known experimentally are the mass 
aksorpticn ccefficients as a functicn cf wavelength and 
akscrber material, shcwn in Figure 1 for several materials. 


Materials used in the soft x-ray range are usually Be, Al, 
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Ni and C recause of their relatively high transmissior and 
freedom fren an abundance of absorption edges at the desired 
wavelengths. Filters determine the electron temperature 
frcem the slcpe cr the x-ray continuum, when no lines are 
present in tke wavelength regicn and when an exgecnential 
decay of tke ccntinuum is expected. Figure 6 shows the 
K-edge cutcff for 5 and 15 micron Al lies at 88 and 
transmits mainly soft radiaticn whereas a thicker Be foil 
would trarsmit harder radiation because of its lack cf a kK 
akscrfticn edge. Cutoff energy for an absorber can be 
determined frcem the relation[ 18] 


Kd = 1 (27) 


where d is tke abscrber thickness and XK, is the frequency 
dependent akscrpticn coefficient defined by 


Ky= 2x10 ZE gin, (28) 


K, has units of inverse centimeters when E is in electron 
yclts. tke cutoff energy, E, is the energy at which 
C 


= 
transmissicn is reduced by a factor ofe . 


The Exrensstrahlung spectrum for a specific temperature 
which penetrates a foil of thickness dis a product cf the 
ezpission furction (equation 18) and_ the exponentially 
dependent transmission functicn. This product can be 


written as 
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=e 'euc2 -2 -1/2 
I(X) = 1.¢x10 Zong AeetkL ) 
le ff e 


x exp{(-E/kT ) - DK 4} (29) 
€ ee, 


where E is the photon energy (hc/)). Summation of various 
akbscrber zaterials and thicknesses is permitted. Equation 
29 has feer sclved numerically by computer for a rarge of 
feil thickresses, various foil materials, and several 
electron tenperatures[5-7 ]. A typical set of curves for 
Altwinum flctted by Elton using the NRL NAREC computer is 


Epemp aS Figures 2 through _23 of reference 7. Foil 


2 
thicknesses in eguation 29 are in mg/cm. These can be 


converted tc inches using the graphical conversion of Figure 
a. 


The curves of relative Bremsstrahlung emissicn versus 
wavelengtk are extremely useful in chccsing fcils for 
viewing specific spectral regions and for wasking cfi line 
Fadiaticn frog ispurities. Minute amounts cf Oxygen (OQ and 

v 
0 , for example will produce copious amcunts of radiation 
v 
in the 15C tc 170A region. Ni foil which is essentially 


Ofague at 1504 will serve to determine if these impurity 


elements are a protlea. 


If the integration of the transmission function in 
equation z9 is performed over phcton energy, E, a plot could 
ke made of Eremsstrahlung transmission (normalized tc d=0) 
versus fcil thickness for various electron temperatures. 


The energy flux received by the detector is essentially 


F(d) = @ exp {- (E/kT ) - Kd} dE (30) 
0 
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where @ acccunts for all the factors left out in the 


transiticr frcm equation 29. Between absorgtion edges, XK 


varies as E frcm equation 28. Rewriting eguation 30 as 
F(y) = @/S(E) exp{-K(E) y} dE (31) 
0 


where S(E) is the spectral distribution function a Binus 
scme constants which are lumped into ©, and substitutirg in 


fer K(E) restits in the energy detected behind thickness y 


= 24 
Fly) = Y/S(E) exp{-E y} dé£ (32) 
0 


Y is a cecnsclidation of constants from equation 2€ with 
these in ©. TIte thickness y has been substituted for d for 
ease of actaticn in fermulae. Differentiating both sides 


with respect tc y yields 


ar(y) say = -Y f's(2)/y{2 y exp(-E y)} a3 (33) 
0 
For each fcil thickness y there is a cutcff enercy & 


determined Ey equaticn 27 at which the tern 


aS -J3 
Ey Exp (-E. y) 


has a sharp naximus. Therefore at that energy, equaticn 33 


can be agerczimated by 


1 


aF(y) /ay = -€y S(E) (34) 
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THis eguaticr written in the forn 


=i 
Stee) = -& {dP (y)/dy}y (35) 


Meetides al transition from/a plot of S(EF ) versus ) fer a 
3 
specific temperature and thickness, to a fplet of F(y) (which 


has been integrated over photon energy) versus foil 
Ebyeckness y , aS illustrated in Figures 24 through 2:9 of 
reference 7. Graphs of F(y) versus y can he used to cbtain 
values fcr ratics cf intensities transmitted through two 
aga tferent Pcl thicknesses at different temperatures, 
resulting in a Flot of two foil transmissicn ratio versus 
electrcn temperature. Experipentally cbtained transmission 
Bacics Can Le applied to this curve to pick off ae flasma 
electron temperature from the abscissa. 


Transmission curves for the Brensstrahlung spectrum may 
re combined tc yield the transmission through multifle fcil 
layers. Hcewever, integrated relative intensities versus 
fcil thickness cannot be easily combined and curves must be 


Peretted fer €ach specific ratio. 


A Superficial acquaintance with x-ray measuring 
technigues cften leads to the erroneous conclusion that it 
is a straichtforward matter tc interpret data obtained by 
Sisple measurements. A unique analysis, however, can cnly 
ke carried cut it sufficiently precise data is availakle on 
tke shape cf tke spectrum and the radiaticn energy, in 
aksolute units. Determination of electrcen temperature 
through the wean energy of photons passing through filters 
leaves a wide margin for error if recombination radiation 
due tec impurities is not considered. A small anmcurt of 


Oxygen (usually the most prevalent impurity), some of which 
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may be fully icnized, can preduce recombinaticn radiation 
which exceeds the bremsstrahlung radiaticn in the energy 
range 9C0 to 10C0eV by several orders of magnitude. 
Measurements with filters of Al and Be would yielda 
temperature cf the order of keV whereas the actual 
temperature is only several tens of electron volts. This 
ckEvicusly is cause for extreme caution to te exercised in 
preparaticn cf experiments and analysis cf data tc ensure 


elizinaticn cf miscalculation. 
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IV. EXPERIMENTAL PHASE 





erases SYSTEM 


The laser used tc produce plasmas in this temperature 
investigaticrn was a Korad k-1500 Neodymium-doped glass 
Q-switched laser system. The ktasic compenents of the k-1500 
System were the Korad K-1Q Q-spoiled laser retrofitted for 
Nd-glass lasirg rod application, the K-QS2 Pockels Cell 
assembly with asscciated shutter electrenics used for 
Q-switchirg, and the Korad K-2 laser head with flask-lamp 
firing eélectrenics and fire signal delay circuit. Expansion 
Optics were required to expand and collimate the K-19 
oscillatcr fulse from the 0.5 inch diameter oscillatcr rod 
sc that it wceuld couple with the 0.75 inch diameter red of 
tke K-z amplifier. The fire Signal delay circuit 
synchronized the arrival time of the K-1Q pulse at the K-2 
tead as saxinum fpofulation inversicn was attained in the K-2 
lasing material. A complete description of the laser system 


is availakle in reference 30. 


Energy cutput cf the system for various phases of the 
experiment ranged from 3 tc 13.53. Pulse duraticn was 
ccnsistently ZSnsec (FWHM) giving an output power tievel 
Tange of 1Z€ to SHYOMW. Shot to shot energy variaticn at all 
levels withir the cperating range was approximately 10% of 


tke ncminal setting. 


B. LASER MCNITCRING TECHNIQUES 


The laser fulse was mcnitored with a Korad K-[1 rapid 
respense plarar dicde which previded a signal properticnal 
tc the laser power. It also integrated this signal to 
provide an cutput which was proportional to the laser 
energy. Abcut 1% of the laser output beam was reflected Ly a 
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guartz beam splitter to a MgO diffusing block for viewing by 
the K-D1 as a feint source whose intensity attenuated as 


R . Scattered light frcem the diffuser was passed throtgh a 
0.1% neutral density filter befcre entering the photoéiode. 


The fower signal from the photodiode was displayed on a 
Tektronix 7904 cscilloscope. This signal was used to 
determine the full width at half maximum amplitude (FWHM) 
duration ce the laser fulse. Peak output power was 
determined ry dividing laser energy by the FWHM duraticn. No 
variaticn in FWHM duration of the power signal was cbserved 


during the period cf experimentation. 


Energy cutput of the laser, at a Fceint immediately 
after the pulse had passed through the beam splitter, was 
displayed cr a Tektronix 564B storage oscilloscope. The 
Ephetocicde erergy signal was calikrated by McKee[25] using a 
Westinghctse RN-1 Laser Radiometer placed to interruft the 
laser pulse passing through the bean Splitter. The 
racicmeter precvided an absolute measure of the energy cf the 
laser pulse keyond the bean splitter which allowed 
SalJiEcraticn CE the voltage reading cn the stcrage 
cscillcsccpe. Energy output was monitored cn every shot 


Because cf its pcor reproducibility. 


Energy lJcss through the focusing lens at the vacuun 
Cchamker was estizated from a transmissicn curve tc tke 5%. 
The loss thrcugh tte chamber window was measured using a 
Beckman spectropbhotometer and found to te 20% for a 
wavelengtE cf 1.06 microns. These losses necessitated 
reéucing the energy reading on the storage cscillosccpe Ly a 
further 24%. The energy range mentioned in section A was 


recuced tc ar experimental variaticn of abcut 90 to 410CHW. 
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C. INTERACTICN CHAYBER AND TARGET 


The laser pulse was focused by a Hoya, coated camera 
lens, effective diameter 49mm and power of +3 dicrgters, 
thrcugh a 3mm quartz vacuum chamber window cn to the surface 
of a sclid target. The vacuum chamber was originally 
ccnstructed Ey McKee{25] to facilitate the use of macnetic 
prokes. Tke inside volume of the chamber was cylindrical 
With a ciameter of 25cm and ai height cf 15cm. Chamber 
dimensiors ard target positioning are shown in Figure &. All 
Ferts are circular. 


For all temperature measurements, the chamker was 


-5 
evacuated tc approximately 2x10 Torr of air by an oil 


diffusion puap, the descripticn and operaticn of whickt are 
detailed in reference 31. MThe portion cf this experiment 


requiring an ambient background pressure were conducted by 


—6 
first evacuating the chamber to 10 Torr and then 
lntrceducirg Nitrogen gas through a needle valve to fressuces 
Varying frem z0 to 4000 microns. 


The laser beas was focused to a spot size of 127417 
Zicrcns radivs at top dead center of the circular front 
Surface cf tke target. Path of incidence was 30 degrees fren 
ncrmal. The original intent of the incident angle sas to 
pergzit clicse crientation of magnetic probes with the targets 
surface while avciding interaction with the laser pulse. The 
angle alsc elitinates feed back into the laser system due to 
treflecticn frca the target's surface which prevents 
relaxaticn cscillaticns being set up between the target and 
cther reflecting surfaces in the amplifier chain. Focusing 
was achieved by simulating the Nd laser beam with a 


Helium-Necn iaser and observing the spect on the plane 
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surface cf tke target. Because of the lcnger wavelength of 
the Nd laser the Separation between the fecal planes cf the 
Nd and He-Ne wavelengths was approximately 0.5mm{[27]}. This 
change was ccmpensated for by focusing the He-Ne beam cn the 
target surface and then advancing the lens ty 0.5mm. This 
methcd is accurate to +1mm. 


The tarcet for all phases of experimentation was a 
flat, pclisted disc of Aluminum 6mm thick and 6cm in 
diameter. The target surface was prepared under vacuun 
imgediately prior to taking data by illupinating it with 
laser pulses which were focused by a +2 dicpter lens. The 
target was rcetated after each preparation shct. This fcrm of 
cleaning was intended to remcve contaminants and oxides from 
the Alumirum surface. 


D. DIAGNOSTIC APPARATUS 


X-ray enissicn from the laser generated plasma was 
detected ky twce semiconductor diodes in frobe wsountings 
Flaced symmetrically in a horizontal flane with their axes 
at 7 degrees from the normal to the target surface (see 
Figure S$). The acceptance angles of the detector windcws 
were defined Ey circular apertures of diameter 0.8cm Iccated 


17cm free the focal region of the target. 


le Probe Asseubly 


An explcded view of a single probe assembly is shcwn in 
Figure 10. it consists of an aperture, light seal gaskets 
gaia falter retaining ring, a filter holder body, a light 
shield, a detector, and a N-type to BNC adapter. The 
aperture was fastened to the filter holder body with four 
machine ecreas. The K-edge filter was sandwiched between a 


necprene gasket in the aperture and a filter retaining ring 
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which fpressec tightly against the filter hclder. A second 
larger neoprene gasket around the periphery cf the aperture 
further ensured light-tight contact of the filter against 
tke filter hclder. The filter holder had six holes drilled 
radially cn its circumference to provide fcr vacuum furpout. 
The two fiece light shield provided baffling to prevent 
light frem entering the detector through the pumpout holes. 
Interior surfaces were finished in matte Elack enamel. The 
frcent half of the light shield screwed cnto the filter kody 
and the asseukly in turn screwed into the detector assembly 
which consisted of a PIN diode and BNC adafgter. The rear 
half cf the light shield slipped cver the rear cf the 
assembled portion and formed a press fit, O-ring ccnnection 
with the frert light shield. The filter was positioned away 
frcem the detector tc reduce fluorescence radiation effects 
frcem bigh Z filter materials. 


The twc probe assemblies were press fit fastened to two 
vacuum tbulktead ENC connectors mounted at angles cf 7 
decrees frem ncrmal to a 1.3cm thick Alusinum plate (see 
Figure 11). The plate was designed to ke mcunted in chamber 
windcw #5 directly opposite the target surface. Electrical 
ccrnecticr tc the frobes was made through the vacuuan 


bulkhead ENC ccnnectors. 


2% FIN Diode Detectors 


Detectcrs used in these experiments were 0O50-FIN-75 
double Ciffused Silicon Photodiodes{[32] with a depletion 


depth of 75 microns, a dead layer equivalent to 0.440.2 


2 
micrcns cf silicon, and an entrance window cf 50mm . 


The EIN photodiode is the most common depleticn-layer 


photodetectcr because the depletion regicn thickness (the 


intrinsic layer) can be tailored to optimize the sensitivity 
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range, the frequency response, and the efficiency (see 
Figure 12). Ibis type of diode is made by lowerinc the 
doping in tke epitaxial layer of the abrupt-junction éicde. 
It is well suited for use with pulsed plasma devices LEecause 
of its inherently fast rise time and high detection 
sensitivity. The rise time is related to the square of the 
depletion cépth divided by the bias voltage and is 
approximately 1.5nsec for a 75V bias{ 33]. Eecause the hcle 
collecticr time is longer than the electron collection time, 
tke decay tine is approximately 3nsec. Combined rise time 
of the diode, cables, and oscilloscope was apprexisately 
2nsec. 


Figure 13 shows tae energy levels of a reverse tLiased 
FIN diode anc a schematic for a single channel of the 
Gietector system. Absorpticn of x-ray photons in the 
intrinsic region liberate electren-hole pairs which travel 
in opposite directions and result in a charge cutput 
BecEectticnal tc absorbed photon energy. The detector was 
biased at -75V through a 10K chm resistor. Negative biasing 
preduces a Fcsitive output signal. 


se K-Fdge Absorvtion Filters 


Thin foil discs of Aluminum and Beryllium, 1.3 cm in 
diameter, were used as filters for the aksorption 
measurements. Aluminum discs were cut from sheets of ccmmon 
woapping fea available in a variety of thicknesses 


depending cn the ccmmercial brand. Single layers of these 
2 


foils rangeGd frem 1.83 to 38.54mg/cn in thickness. The 
Ghanmest foil, not available ccmmercially, was obtained fron 
the LINAC Lakcratory at NPS. The Beryllium fcil was obtained 
frcem two sources. 2 5cm Be disc was cut, using a diamond 


glass cre, into eight icm diameter discs which were then 
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chemically etched by the methcd outlined in Appendix A _ to 


2 
thicknesses ranging from 8.9 to 46.6mgycm . A set of 


2 
ccmmercially rclled Be foils 1.45mg/cm thick was purchased 


frce KBI[ 24 j. 


The fcil thicknesses were determined by weighing a 
measured area of the material on a semi-micro analytical 
balance and were accurate to 5%. All fcils were visually 
exatined in a darkroom with a point scurce light te ensure 
freedcem frcemw pinholes. Foils were discarded after ten shots 
tc prevent a buildup of debris from altering the effective 
area of the entrance window. This procedure limited the 
nugker cf temperature readings which could ke obtained with 
the more scarce and much more expensive ferylliun foil. 
Table I lists scme of the foils used, their thicknesses, and 


tkeirc apprcexinate cutceff energies. 
DACL ot 


Material Thickness Cutoff Wavelength Cutoff Energy 


(ng/ sgcm) (Angstroms) (eV) 
Be 5.60 2Ae0 600 
Be 23m9'0 120 900 
Be 66.62 aay 1450 
Al 1.83 Zoe 500 
Al 8.60 a3). 5 950 
Al i702 17.0 1150 


(cutoff values for kT=250e¥) 


hs Probe Monitoring 


Signals from both probes were displayed simultaneously 
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on a Tektronix 7904 oscilloscepe by delaying the signal from 
Frebe #2 Ey €Qnsec using a combination delay box and delay 
cakle. Figure 14 shows the wiring of the probes frem the 
chamber to the cscilloscope. RGS8A cakle was used 
thrcughcut. The signal from frobe #1 was relayed through its 
bias netwerk te the (+) input of a differential ccmparator 
in the cscillosccpe. Probe #2 signal was passed thrcugh a 
36énsec delay cable, into a delay box set at 44nsec, through 
its bias network, into an inverting transfcrmer, ané into 
the (-) input cf the differential comparatcr. Both signals 
entered tke oscilloscope through 50 chm termination 
resistances. The oscilloscope was triggered ty a signal fron 
the K-D1 pkctcdicde being passed thrcugh a 332cm cakle to 
the cscillcsccpe time base input. 


All temperature data were taken with a horizontal time 
scale of zOnsec per division which allcwed fer estimates to 
Withir 2nsec. Vertical. vaitage scale adjustments were varied 
between tke maximuag attainable gain of 5V fer division and 
20n¥ per division. The lower limit was determined Ly the 
ncise level at which the signal was ne Ilcnger discernible 
frcem backcrcund interference. Shielding of signal leaés did 


nct reduce tte ncise level. 


Attenuaticn cf the probe Signal was attempted using 
Ecth an crdinary 24 carbon resistor and a variable high 
freguency attenuator. In each case the distorticn cf the 
Fulse was severe. This development coupled with ‘the noise 
Fretlem at high gain placed a limit on the thickest and 
thinnest fcils which could be used £CE temperature 


measurements. The iimits for Aluminum were 1.€3 to 


2 2 
17.C8mgycm and for Beryllium were 5.80 to 66.89mg/co . 


Delays cf the various signals to the oscilloscofe are 


Given in Table II. The values were calculated based on the 
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assumpticn that the speed of the signal in the cable is two 
thirds that cf light in air, that the delay through a diode 
is nsec, and that there is negligible delay at the target. 


TABLE II 


Delay FEhase Probe #1 Trigger 





splitter tc diode 68cm/2.3nsec 120cm/4nsec 


delay in diode (PIN) Insec (K-D1) tInsec 
delay to scope 341cm/17.1insec 332cm/16.6nsec 
TOLAL “DELAY 20.4nsec 20.7nsec 


The delay times (excluding delay through the diodes) were 
verified to within 1Insec using a pulse reflection technique 
On a Tektrenix £19 oscilloscope. Within the accuracy of 
tige base readings the signal from prcte #1 at the 
cscillcsccfe. tas assumed to coincide with triggering cf the 
hcrizontal sweep. 


oie Vacuum Photodiode 





An %-ray vacuum photodiode (VPD), thecretically capable 
of less than nsec time resolution, was constructed 
fcllowing tke tasic design outlined in reference 116%. 
Original irtent of construction was to prcduce a detector 
capable cf supplementing the expensive FIN diodes. The 
finished VEI, however, proved to be toc cumberscme tc be 
used in ccrjurnction with existing detector arrangesents. 
This was primarily the result of continucus modifications 
made necessary ty lack of suitable materials and micro 


manufacturin¢e techniques. 


Figtre 1& shows the basic ccnstruction cf the diode and 


electrical ccnnections. The photocathcde C was the 
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@eld-coated inner surface of a 6cm long tcm diameter brass 
cylinder. Geld was chosen EOE Starility and high 
Fhetcelectric efficiency. With a plasma located cn the 
cylinder axis 10cm from the cathode midpceint, radiation 
struck tre cathoce at angles of incidence between 87.€ and 
€5.9 degrees from normal. The anode A was a 0.6cm diameter 
brass cylinder which was capacitively coupled tec crcund 
thrcugh a 0.C5Scm thick Teflon sheath around a 0.4cm diameter 
grcunded -Erass rod G. The sheath and cylinder were swaged 
intc flace around the ground potential rcd. The structure 


was surrcunded by a cylindrical stainless eteel screen = 
alec at ground potential. A second independent ground screen 
S, surrcunded the diode and its cables, and an outer screen 
Ps acted as a housing and was at the pctential of the vacuun 


chamber. Ike three screens were separated by cylindrical 


layers of nylcn insulation. The screen Ss. isclated the diode 


frcm electrcstatic disturbances due to the laser flasma 
Since it was sealed off by the metal foil F. The aperture 
and foil retaining mechanism were identical to that 
described in subsection 1. The signal was fed to a RG174 


coaxial cable SIG with the ground screen ccamen to s. and G. 


2K¥ high vcltage was applied to the ancde through a RG62 


coaxial cakle BY. 


Signals were monitored in a manner similar tc that 
described in subsection 4. Cables were adjusted so that 
arrival cf the diode signal ccincided with triggering cf tae 
oscillcsccpe. Considerable noise was encountered at vertical 
Gains cf mcre than 500mV/cn. Screening of the signal cable 


did nct suppress the noise component. 


Figure 16 shews tne VPD pulse in relaticn to the laser 


pulse. The pulse ccmpares favorably with that in reference 
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16 in its relation tc the laser pulse. The shape is seen to 
fclicw the shafe of laser pulse as in reference 16 if the 
noise ccuperent is ignored. Temperature data was not taken 
with the VED recause cf its incapatibility with the smaller 
FIN diodes. 


E. EXPERISMENIS FERFORMED 


As Plasma Temperature Measurements 


The frimary purpose of this study was tc determine the 
temperature cf an electron laser preduced Aluminum flasma 
and to ascertain whether a suprathermal ccmponent existed 
within the plasma. Data required for temperature 
measurements was oktained by photographing frobe signals 
displayed on the Tektronix 7904 oscilloscope and submitting 
the photccrarphs to analytical measurements. A typical fair 
of x-ray fulses and the corresponding laser fower pulse are 


Shewn in Figtre 17. 


Ratic measurements of the peak amplitudes of the frobe 
Signals were required for temperature evaluation. The 
Frecedure was to first use equal values of equivalent 
Aluminum aksorbing mass in both channels. Thirty-five 
Signals a ana i were recorded and the signal ratics ls 


measured and averaged to give a mean value R and a rcot mean 


Ssguare deviation +4R. This gave a temperature independent 
nctmalizirg ccnstant. To measure a temperature sensitive 
ratio the absorber mass screening one channel was changed tc 


a suitatle value and signals ve and es were recorded. fne 
recuired transmissicn ratio was then BIS For e€ack pair 
< 


of foils, ten ratics were recorded and averaged. 
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A ccuputer frogram was written to plot curves of 
thecretical transmission ratios for a particular pair of 
fcils versus electron temperature. The program was given 
data extracted froz reference 7 which was then applied to a 
Least Sguares pclynomial evaluaticn to prcvide an eleventh 
degree EClyncmial Eat of the data points. The 
experimentally obtained transmission ratio was read in and 
applied tc tke ordinate and the polynomial was evaluated on 
an iterative Easis until a correspcnding ratic and 
accc@panying temperature were located. This process was 
repeated for 8 Aluminum and 5 Beryllium foil pairs (see 
Figures 1&-30).. 


The ccm@puter program alsc plotted iscthermal curves of 
relative Eremssstrahiung transmission versus foil thickness 
£cr both Al and Be. The relative transmission was 
nctmalized tc transmission through the thinnest Al ard Be 
£o1l ratker than to transmission thrcugh zerce foil 
thickness. These curves were used to determine whether or 
net any suprathermal activity was present in the plasma (see 
Baguees 21-22). The computer program is outlined in 


Aependix E. 


Freguent null checks were made by placing a thick glass 
Flate ir frcent of each probe. The plate weuld attenuate an 
X-ray sicnal but weuld permit detection of light leaks in 
the probe. The normalizing ratio R was measured after every 
cthacd ffeil fair. Its dependence was primarily on the 
gecmetrical relaticn between the two probes and the flasma 


luge. 


The fphctcgraphs taken for temperature g£easurement were 
also used tc deternine the shape, the start time and the 
FHEM cf tke x-ray pulse, and they provided data fcr a flot 


of temperature versus laser flux density shcwn in Figure 33. 
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eae Tize Resclved Temperature 


A series of photcgraphs was taken with the horizcntal 
time Ease expanded to 10ns in order to oktain pulse ratios 
mbach cculd te related tc time. Foils in prebes #1 and #2 


2 
were 6.97 and &.54mgycm Al respectively. The time resolved 
temperature is plotted in relaticn to the time resolved 
laser forer pulse in Figure 34. 


al. ressure Dependence 


The dependence of x-ray intensity cn the asbient 
Fackgrounc fressure was determined by taking five shots at 
each of 14 fressures ranging from 20 to 4000 micrens of 
Nitrogen cas. The x-ray intensity of each shot was divided 
Ey the energy fcr normalization and the five ncrmalized 
intensities were averaged. Aluminum foil of density 


6.S$7ng/cn was used as a filter. Figure 35 shows a plot of 


X-Lay intensity in arbitrary units per joule versus ambient 
Eackgrounc pressure. 


a, TezperatureyMagnetic Field Correlation 


Simultarecus temperature and spontaneous magnetic field 
measurements were taken while focusing the laser at the same 
spot for Zz& successive shots. The twe prcbes were mcunted 
vertically tc obtain the same view of the cavity which was 
being Ecred alcnc the axis of the laser beam (30 degrees 
frcm ncermal). The adhoc probe arrangement flaced them at an 
angle of 17 degrees frem normal (or 13 degrees off the laser 
axis) previding the best possible view of the cavity as it 


was beinc created (see Figure 36). A magnetic proke was in 
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place against the target directly above the focal spet. Its 
position did not obscure the path of x-rays to the prokes. 
A complete description of equipment laycut and data 
correlaticn fcr this combined experiment is prceviced by 
Williaascno[ 3°}. 
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TABLE IIL 
Foil Thicknesses Energy 
(mg/sqcm) (S) 

Al 1.83/3.66 991520) 
Al 3.66/5.50 9.9(13.0) 
Al 3.66/74 .30 Ger ( 12-0) 
Al 6.97/8.54 10.0(13.1) 
Al 8.80/10.37 Get 1228) 
al 40527713298 10.0(13.1} 
Al 13590717208 Gea <2) 
Al 122917 15.77 9.5(12.5) 
Ee 5.80/8.96 9.8(12.9) 
Ee 8.96/13.59 9.7(12.7) 
Ee 15020/723.90 10.0(13.2) 
Ee 34.02/46.62 10.2(13.4) 
Ee 4€.62/66.89 9.0(11.8) 

oe ce aceticn sy CS 


Et 
various szetal 
within 410%. 


temperatures in 


Evaluation 


was found that the temperatures 


the 


made 


a 


temperatures 


detectors 


OL 


laser 


the 


Flasma 
preduced 


derived frem the 
with 
and Beryllium-Berylliuno 
absorpticr fcils are listed in Table III. 


various 


Temperature 


the 


(eV) 


148 
148 


136 


172 
148 
181 
185 
178 
144 
162 
159 
180 
162 
24% 


inferred 


thirteen 


reduction 


from the 


foil combinations were generally the same to 


different 


Table III averages tc 162417eV as the Lest 


fit of the experimental absorption data tc the transmissions 





expected for Alu@inum Bremsstrahlung. the <conteurs of 
experimental data peints in Figures 31 and 32 follcw very 
closely thcse of the theoretical continuum data, indicating 
that the plasmas observed had equilikriun electron 
distributions. A tendency of experimental points tc cross 
the theoretical curves towards increasing temperature as 
fcil thickness increased would have been an indication of a 
non-Maxwellian distribution within the plasma. This cccurs 
because ratics cf absorber foil detectors indicate kigher 
temperatures fcr foils with higher cutcff energies when a 
Maxwellian distribution is assumed. For the plasmas cbhserved 
it can thus te assumed that the x-ray spectral distrikution 
was nearly that cf a Bremsstrahlung continuum ir the 
wavelength interval 5 to 308 with no significant line 
ecentribution. 

Results cf temperature measurements confirm that 
temperatures determined by the two foil method are not 
independent cf the foils used. A wider separation in cutoff 
energies Of the two foils produced higher electron 
temperatures as is seen from the Al foil fairs (3.66/75.50) 
and (3667 4). 30) jp Table fii. The fcil pairs used 
thrcughott the experiment, however, were ccnsidered to be 
sufficiertly close in cutoff separation that averaging of 
temperatures obtained from the varicus pairs was 
permissikle. For cutoff separations of more than a few 
Angstroms the temperatures weuld have tc ke ccnsidered 
unigue and reported as individual temperatures for different 


electron grcups within the plasma. 


Errcrs accumulated in ratio measurements were typically 
5% in reading the oscilloscope photographs, 4% fren the 
relative sensitivity normalization of the tuc detectors, 7% 
in plotting transmission ratio curves, and 4% in measuring 
tke thickness cf the absorption foils. The net errer in the 
ratio is then 19% giving a temperature to aprroximately 110% 
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accuracy. 


The x-ray pulse commenced at a point Zunsec after the 
laser beam illuminated the target when the plasma Lecame 
optically thick (see Figure 17). The pulse had a FWHM of 
18nsec with a rise time of 10nsec. The peak of the x-ray 
pulse and the peak of the laser power pulse roth occurred at 
SOnsec after formaticn of the plasma. A time resolved 
temperature study showed that the peak temperature cccurred 
approximately 4nsec after the peak cf the laser pulse or 
FEunsec after fcrmation cf the plasma. 


Temperature values deduced from the ratio measurements 
were used tc flot the variation in electron temperature with 
laser flux density (see Figure 33). On the basis of these 
data the expenent cf the. power law relating temperature to 
flux density was calculated to be 0.404. This value is 
kelow the thecretical 4/9 steady state scaling relaticn to 
an extent which is not quite compatable with estimated 
temperature eéLrrors. The origin of the discrefency is 
believed tc ke a resultant of two basic factors. The first 
is the linited range of laser energy for which temperatures 
could be recorded. This limitation would not allcw for 
estaklishment of a definite trend in the temperaturesflux 
Pelaticnshir, hence the data sample cculd perhags be 


considered tco small to define a power law. 


A seccnd, sore subtle factor is that the x-ray 
intensities keing measured are effectively time and space 
integrated ty the detection system. The emission zone will 
be spatially and temporally smaller for the harder x-rays 
which are associated with regions of high temperature. 
Because cf tke different transmission characteristics cf the 
twe abscrker foils the effective emissicn zone as seen by 
the two diodes will have different volumes. The smaaliler 


effective zcne ccrresponds to the foil which tracsmits 
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predominactly harder x-rays. However, the detector signal 
ratios are interpreted and adjusted on the assumption that 
an equal egzission volume is seen by each detectcr. The 
difference in emission volumes leads to an cver estimate of 
the ratic cf emission coefficients and hence an under 
estimate of temperature. The result would be a downward 
shift in tke slope of the temperature/flux density grafrh. 


Preliminary tackground pressure measurements showed an 
increase in x-ray intensity with increasing pressure frem 10 
micrcns up to about 300 microns with intensity per joule in. 
arbitrary units teing related to pressure by a_e scaling 
factor of iy4. Beyond 300 microns the intensity drerpred off 
Sharply (see Figure 35). The increase in observed x-ray 
lntensity ccrrespcnds to a similar increase in the magnetic 
field intensity cver the same fressure range{26], where the 
scaling ketween magnetic field and ambient flasma density is 
abcut 1/3. The striking similarity between the two seenzingly 
independent experiments is not fully understcod, although it 
is nected that absolute x-ray intensity can be related tc 
Flasma density. The intensity measurements here cannot be 


given absclute values. 


X-ray intensity readings taken while a crater was being 
bored into the target indicated that the temperature 
remained ccrstant over the 25 shot range of the experiz£ent. 
From the ccmtined temperature/magnetic field measurements 
taken as the crater developed, Williamscn was atle to 
calculate a macnetic field strength which ccmfared to within 
20% with tke field that was simultaneously measurec (see 


reference 35). 
The overall view of data gathered through x-ray 


analysis would indicate that the plasmas cbhserved were very 


ordinary, lew temperature plasmas of the tyre to be expected 
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11 2 
with laser flux densities of 5x10 Wycm , since threshold 


13 2 
fcr suprathermal activity is greater than 10 W/cm . The 


electron velccity distributions were Maxwellian with no 
indicaticns that ncn thermal ccmponents were present. 
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The next obvicus step in improving the x-ray diagnostic 
facility weuld be the absolute calibration cf detectors with 
an accurately known source. Once this is accomplished, a 
Ress filter system could be constructed which would provide 
the type cf spectral analysis tool being used in flasma 
lakcratcrie€és throughout the world. Absolute intensity 
measurements would lead directly to very accurate 
temperature readings, and indirectly to a mears of 
determining flasaa densities and detecting suprathermal 
SleCtEcn gIctrs. 


There is a definite need to establish a capability for 
determining spatial energy resoluticn cf the plasma. 
_ Present e€@ission intensities are not sufficiently strong to 
permit the use cf an ordinary pinhole camera, Eut with 
improved fcctsing cof the laser beam on the target this 
prcktlem cculd be overcome. There are, cf course, various 
methcds cf collization which have proven effective in 
¢athering x-rays for spatial resolution. These would be 
mcre costly than a pinhole camera setup Eut the results 


would Le iggediate. 


Mcre research of a combined nature would be a definate 
asset tc tte NES Flasma Facility. Simultaneous magnetic 
field, kackcrcund pressure, and plasma temperature 
measurements could provide correlaticn to data previously 
accepted withcut corroboration. The very limited 
ccllakoraticn on magnetic field/temperature measurements: 
proved tc Le guite useful and contributed toc a broadening of 
each field cf research with very little extra effort. More 
extensive, ketter planned collaboration would most certainly 


be cf bterefit tc the students involved and tc the schoecl. 
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The vacuum photodiode constructed as part of this study 
can be made to work effectively with a little more 
encineering refinement. It would be extremely beneficial to 
continue the study of high resolution detectcrs such as this 
since they will be a vitally important diagnostic tocl as 
laser pulses ccntinue to narrow. 
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APPENDIX a 


The procedure used to etch the Berylliur foil was based 
ch a Dew Chemical process [36] for chemical milling of Be 
for removal cf machining damage. Techniques and solution 
quantities were suitably scaled down tc meet the limited 
laEcratory guantities required. 


Apprcxinately one litre of Dow Chemical Milling 
Scluticn A was prepared as fellows: 


ASC (+15) Matigiitres per litre of phosphcric acid (EFO ) 
(E5%) 


ol (+2) grams fer litre of chromic acid (Crc_) (99% 
ckrcmic trioxide) 


20C (+5) Billilitres per litre of water (H_9) (distilled 


cr deionized) 


30 (+2) Billilitres per litre of sulfuric acid (ESO) 
(S5 to S8%) 


The chrczic acid was not added to the soluticn until 
lmgediately fricr te etching so that its strength would not 


be deminished. 


Under tke cover of a fume chamber, for eéach eétching, 
100ml of eclution A was poured into a watchglass and the 
feil to te reduced was immersed in the solution. Flcatation 
was caused ry bubktle formation on the underside of the foil 


necessitatinc frequent inverting of the foil using tweezers. 


The scluticn and resulting fumes were extremely toxic. 


Gleves, ccggles, and a respiratory mask were worn at all 
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tiges during the frecess. 


The rate cf etching was measured with the aid of a 
stcpwatch and micrometer and determined tc be 500 microns 
per minute at 21°C for each surface of the foil including 
the edge. 
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APPENDIX B 


The fclicwing computer code has been ccmpiled tec aid in 
reducticn cf x-ray emission data which was obtained during 
electron tegzyferature measurements. It has been written 
Specifically fcr measurements using combinations of Aluminun 
feils. A Similar program with minor modification was used 
to reduce data oftained with Beryllium foils. 


The code is divided intc two farts. Part Ais designed 
tc flot the ratio cf Bremsstrahlung radiation trarssitted 
through two Aluminum foils of different thicknesses versus 
logarithre cf electron temperature. Data for this type of 
Eiekewas Cktcined frem Figures 24, 25, 27, and z8 of 
reference 7 by selecting a desired fcil thickness and 
picking cff the Bremsstrahlung transmitted at temperatures 
varying fret 100¢€V to 2KeV¥. Examples of similar computer 
Flcts are shcwn in Figures 28 and 29 of reference 6. Cnce 
€ach curve has tEeen plotted, an experimentally determined 
tEands@iscsion ratio for the particular pair cf foils being 
€xamined is read into the program and a flasma electron 


temperature is calculated. 


Part E of the code produces a_ flict of ncrmalized 
Bremsstrahlurg transmission versus foil thickness 1g(0\) 
Varicus temperatures. These curves differ from thcse of 
reference 9 in that they are normalized tc transmission 
through the thinnest foil rather than transmission tkrcugh 


zerc thickness. 


Both parts cf the code make use cf the subreutines 
LEAST ané EVAL to fit data tc a polynomial approximation. 
SuErcutine LEAST and the function EVAL calculate the least 
squares pcelyrcmial approximaticn to a set of data specified 
by the satrix, %, of M nodes with cerresfonding functicn 
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values and weights in the vectors F and W. The weights must 
all be pesitive. The polynomial approximaticn is determined 
in LEAST and evaluated in EVAL. On input EPS is the desired 
weighted EMS error. The code increases the degree of fit in 
an attempt tc meet this error request. On return EPS is set 
to the weichted EMS error of the fit. Because EPS is used 
for beth ingut and output it must be a variable in the 
Gailing [frcgraa. MAXDEG is the highest degree cf fit 
allcwed and gust be less than or equal to (M-1). The actual 
degree cf fit is returned in NDEG unless the code is forced 
to produce a fit MAXDEG by setting EPS negative on input. 
The vectcr AFRAY specifies the orthogonal felynomial fit and 
prcvides wcecrking storage. The dimensicn cf ARRAY in the 
calling fregram tmust be at least (2M+3MAXLTEG). The vectors 
representirg i, F, W, ARRAY, and R must be dimensicned in 
the calling fregran. 


Functicn EVAL evaluates the orthogonal felynomial fit 
ccmputed Ly LEAST and specified by vector ARRAY. The fit of 
degree N is €valuatd at the arguement Y. N must ke less 
than or egtal tc NDEG as returned from LEAST. LEAST is 
called cnly cnuce fcr each fit, but EVAL is called cnce for 
each argumgert at which a value of the fit is required. 
MAXCDEG must Lave the same value as in the call to LEAST. 


Description cf arguments: 


E the electren temperature of interest, read in as 
cata 
a a weighting factor required by subrcutine LEASI (all 


values set egual to 1) 


x tke matrix of transmission values fcr 14 foils at 10 
temperatures, read in as data 


TR tke matrix of calculated transmissicr ratios 


ELCG tke natural logarithm cf £ 


68 





BATIO 
ELCGT 


ABRBAY 


GTR 


TLN 


DILN 


FCIL 


FLCC 


THICK 


RELTIR 


ETE 


tke vector cf transmission ratios calculated by EVAL 


the vector of the natural reas, of temperatures 
used Ey EVAL to calculate Ratio 


a werking vector used by LEAST 


a aerey vector used to hcld columns cf the matrix TR 
fcr Caiculaticn by LEAST in part A 


natural logarithm of the 


normalized transmission 
tkErctgh the various fcils 


a dugmy vector used tc hold 


' columns of TLKN for 
calculation by LEAST in part B 


a vector of the various foils used 


2 - tol ; (quantities are 
in gwilligrams fer sguare centimeter) 


natural logarithm of foil thickness 


tke vectcr @f the natural lodarithm cf ~foil 
thickresses used by EVAL to calculate RELTR 
the vectcr Of normalized transmissicn ratios 


calculated oy EVAL 


the experimental transmisSion ratics read in as data 
(Ceme Latio for each pair cf foils) 


the electron temperature calculated from EIR for 


eaqcn paie cf foils 
tke number of temperatures used 


tke number cf foils used 


69 








SFEWCEUK',TIME=(00,40) 


#** JOB CCNTROL CARCS #%* 
**x MAIN PROGRAM #3 


~ 
o~ 
Ww 
a 
= 
= a 
Mey a 
oe) & m™ 
SJ ony uw 
iN . 
ows UVED = 
Amt aE ul e e 
OO~w— ke ~ a 
HAOLZe O Cc 
oj <. e -_ e 
Tuth=- J ae | =~ o=4 ~ 
at ow cr. w z w 
we we - e o etD 
aa ae W CIN ~ Coed 
o= + Ba uJ iT) uw) 
+O0->- J eX) &-<@ eon 
Ow *& > — = -_ 
Horn a -_ eo + x eC 
er pt ee os N x =. mo ~ a Ose) 
Zzewy ~~ e W— m= ~ Oo - —~ - O 
a <= Od @) uw Ne] Coo > a= om ~— | e= 
~O je ~~ ~ if @ ~ itt ——~ & w tc — 
l= om a r rN xs 7 TNH he m wa 
Oe t- tO t= wa Ae tt Co ext + ia o en 
a NeN © ~ qi ~~ — Co en -~ — ge 
—O—— ADO ~ <x we -_ ™ LL CP = mm uc 
ZFHInys—- nt ee uu Ww Ox ~~ ny ety x< ~ > — ery uu 
OQueweq NA —ke © oO ad ~~ ee — png <7 Ww —-  ref— — 
-O¢0O~ as ON © een Om o wu &< eo iw ~ Ww emia 7 
O4-O0OQ ~rstHt-nNO ONN NNT OeR — omee (@) —eity et ~ 
SAU I= DOnN~~O tt e@ee@ ell Ordre + Oar o ~ am) ZOm ~~ 
~ us f-(N-"W eS WVOUIUY «+O & « ~aiom Zz eOw~ e tO Fu ~- eO-sz~ 
Ue fe me Oo Wetet UU COLL CEL NOK O ot aH efe-m eX CO DO ec THs eM ov 
~n & OHAreOoOt. DOTaMowT.I OuxaD OWDet aan AN ot 90 Neco 
ZO0—m™ &§ TRKwH S500 ANH OHMHHiN ei + ou em il iT) o rT] e-t il eOr-i 
Uti sT= tae wss Sew om ewe tt an ne wt OUW HM Wete co een tw 
mew OW ae 8 UV WwY>) —~— | WIR MA=D ~D HDI Neng =) 
OO rH wTOOd se FRE REEFE Ee OT we twee FOO SOON TES 0) 9) OCI Ewa ell = 
aod I~S Ot HH > d<elL{aiad<aqqad teat YS Ore se eO oH Le Ott OOM eH 
WS eto Wea ZS 2PBAZAAZA AAW DAD frm wee rr ew eT er ttt mete ST PRR UNO tert) Ue 
2SAXOWF FHA RR eee werd acim were ti I LI ww QO 


mp Ket CE LILI LILI tu) WAMU Rr rete MUTKUUMU Ow Wl 


a) MOOI EL EE RAMU UM eee FO EUR UL) CUOWIOWIM OM rOrU 
aN = a) 
VON TORO 4 ING) r uy w 
QIIVIVOVVY 
tA 


Seeege FART A 


70 





am 
a 
cay 
~~ 
<a 
(x a; 
mw am 
<I ne i= | 
ad cy — 
© Ut Ke 
ug ao wo 
(a) <x oO 
ves =z J 
= te 
Oo ~ ww 
wu ~ a aw 
qa) a x< wm 
x< a w) — 
<1 a a 
= a " Sad 
~ o qa) 
WY Oo —- oO 
Qa Ww o--9 | oe] 
Lu Oo ~~ oC) « 
~ <x QA &e&-—- OC 
=z qt Szno — 
o~ = ww oD t= 
a ~*~ KFRFOO <a 
-~ =z fed 
- 9MhmonmD+— ~ 
Cy a -~() © | mal 
) KeOnr~a"OD YO 
Ww Orm~ De LU 
a | oO aw-~r 
5H) AOrFrOrF © WwW 
« WOOL eLOh ~ 
(© ] om ad eO00O an 
e ( ab ] =O aml ete = 
Qouw, e yar OO ANIFWe- D 
Q eorcl zed Spee et 2 
OO ex ~~ WN Wem err ~— 
WN ea oll e uaQ~ 7 
wt nett it wt t ewe =O 
nom + Ye K-O~——}—- = 
—~ "2 Nam W210 + OWA 
mem Lido tt 7DR- EI YIXD 


AaAANAHOIS DNIOCVAUI~IZOZ 
Hea Ww RE OX UI 
~~ VEO IV LOWS Se SOS I 
TUKVUSEXIVI Ze UW ZI2 
Rr aor J OO SI Xk Ls CITY 
Rive Ws 2 OW EO HOU 


ir) WWO 
md 


439233% PART B 


om! 
m~ 
i ad 
> as 
<I 
co 
ac 
a 
~ 
(a) oe 
WwW WN 
CO) Ww 
Zz Wy 
Cs () ® 
fat = ing 
tas > m fad) e 
oO a = ~ — 
2. in a a mm w 
r ~ fad C4 o eu 
= Ww) <a a a) Cont 
a. ro ood ke tu 
-_~ = oO iu) N oO ol ta ec) 
a oa ke cs ©) oon) ~ 1 I— 
bee o < Liye a (w ed 
eo Ht Oo ~ Aeo ao t- eO- 
4 ft za © Pt = ek a — won 
— « — «~O tw uw 2 
x 8 ft = ~ te -— Oo rod a oa. 
“NN = iT] -~ - oO 1+ ad ~ Ce 
—_— “2 At wt uy ~ ~~ M we tN Ww 
> ~ ~ ~~ o=— 9 Va a) O o-tt 
~ we mo wos } OHO in — cy e 
— ~~ 4 RE Us m4 ) ~~ e OL <L WuiCe & 
~~ £42 ~~ OO WwW Ora L re ete i OLLI 
<x, Sau oI mw) o tL) @ “ “ — OF 
~—~rFr et ~ & ~—-ZoO oo Mm ——rt OF + ~~ 
Om 12 O eH eo = CO 209 FES > ow Ze 
QO eo = OCH tL O00 DOO ake e D me) my e 
wa ect et aq — ~ eel It nn wOer WH OW ~N ~eOM 
wnmton~d QO ee q(t) ft wt my oa > Oo nam eom 
un WN Hn Ore Ym Eo I! tome MANN MMAN NAN 
Tan) e On od non emmD mMmauWH 4 aw += xe wt eM #D 
~~ UWI Wet Ww ei ~~ OFACUIFZe AOr HK s¢vl oct taweer VV OULU 
AD) ere DIN DP SDD DDIDDIWet we qwODOOe =) ar ew 


eZF FW waz aem It eS ZN ZZeo I= hw wt Zuo Zee) itt ew ta 
Netter LU RA (Qt OD OT twee wt NON OT 8 Deter Det Ot ltt 
etme UFO Set Mate ZOOM ZOU JOU AT EE ORF DSO On SR tert NE 
Zl UZAGWwW Bw ws 42jIWIe DIM wH lw Ww LOWw ee ww rt 2c 
VU JU UwU Jw UU OE LO LEE LIE OI 2 Oa I 
OU, £0 OIL tM S2OMOU UUM 2 OR OS OR HOMUZMOULMU ELON ELUY) 
~ 
~~ WN my wr uw fw ue 
~~ ont r= —— ote -_ 


71 





EAC 


*e* SUBRCUTINE LEAST ¥#%% 


Z 


* 
tt 
ce — 
m 
> + 
<1 os 
(a a ad 
~w a. od ~ 
<1 2. aoe) 4 
= Ww ~ ~ + 
(as) led + >~ fae 
Ud N % + st ca G eal) 
OQ + ~ —O et oc =] 
a H+ eat — od fa a — 
o Saal Refi —™ OQ «<q —_ 
Y - + 4) te — = 
Lu a 4 ~t PB) a 
Jt. i) a] uw WW as) uw. 
<a ~~ a4 —~ewt) WY rea) a. 
qI~-li UL. — nt «= Q) <I 
<1 & ~ Ww _ > +DoaoO e -_ — 
Woe xe - +) - <a “ane O -~ + 
QOcooO Mm reg -_ [a 4 4 {[@ fe) beng ~ | 
Wied « — Ot — “4 mw et eS ~ ~ J) 
oe oz tL | =— < ~N << mer LLietCD < ~orn 
=D) ~ A gl ~ ~t ~~ www WY e ~ Amit 
ary) us Oc) we ws at it ~~ eOW us a= tH 
i~w & ‘aad —- —J a= <lwY)}- 0. J e~m 
-x=— faa) a OO my m4 oO wjo w ie] a aq 
x< wed (a | WOW k- OQ a+—O) YWOw e ze | (os 
Oe + ZVO eis { ett a2 eWVoO o. 5g —~ A et 
> TE eae 4 -~ N~r UO a) -_j<—— ~WM LI = ~N — Mee i~ 
~~ ~ H*OO W ~ m4 CY —s uit VOM GD =t - ~—~tOoOm 
iL = —_ —~wo- HQ —e1 | oI—~-Tuie e < tet <—— I 
v) -O od HOO) ww Zo >< we om we MQ eO + mw ~a ~Y~wn 
Imre Oo = ~<a x <0 4 ti~—-=z ad O~ux<O il rT] x04 u+>— 
Ue) at tu ia ~~ =zaor ~~ m—deiw oO tH FUG — -~ ~—s mA es 
ait { 2 +- tu a +z ee ui. —1OC ~ Us iT} x<+ oF @ eI x us s = JOC ~ 
KOHO «MDM —i UO am «Olu —J ES) + ocu_y - Oct eu + + ST, = + Oc te 
WwW w+ewniid + Ww) = mM OW = og ey ay) 2BxXtde@M att F£+tOUCGIZeH N 2@OoOwW eredmet< ~ 
ZZOCCOIZH A ore OF 27-05% WU e Oo Ol Oettrwo 2+0 oe ew e #_) AID sO ll Ort I~ H UI 
ewCOO w+ WW Weiner (LU ert 4X em ett FORM mL (LU eMtetrm emma WMMIUAs+F— UONOweY 
Ree OMeOD Owes NOU vO eM DONS Dl eHOE NOW WOVS lin URnOUS NM OrersaeiamM 
IW xX E+ FO er~w TD Ew HHO NWN ew I~ Crews (QD Ewe ew OD ~ e ~vYwrQ 
OzjIZAIonnt cwngqo Bnd wo wroawniiand YN>~OQOO Y~TFNMNWD>M twewOore Yt AYO NM>~OVO>-AEN 
NWOANHAHtHSs TY OHett NNN RKU SWWOW HTH OCNUN PO NM IUKOW Ze WHO en AA eo 
SSOuUInUJIN WSs W20Nam weeNHW He SDHO®X CWwWBAreIMwxrn MsrKHKHwHe CMWVNNMe BTAOW wil vs. 
M2 MWIOSaA2 WLIW JU Iw OIL LL OY LI HEE Ye PLO PRI esi 
NOON HHS Ht ZY IMI OO 0 0 Od et SY LY LY IY IOI EDN RE VIO RWO MIU OS KUIQGYIOIYVICAUWIMOUR Wr 
~# 


Le 





a 

2. 

Ww (NV 

ad % 

* % t+ ~ 

ate om] ral a 

ee) 4 cI 

coed — oO ~ (N 

+: HO > oO 

—_ ~—p +? < MM ~ 

al) tL, UW Bg (ad =) Oo. 

( )} amw~ ty OY - tt [6 as Big ww Caan | 

-—4 ~ UCD eR om = <q ae Q) a 

= —_j~ C&C he ell oo t ~ + ~~ 

> +aO e + <a Lu > Pid = oO 

baw § “Oe OD = > Ww ~ ~ _ Psy 

fa 4 AIO e —l) uJ x t ~ - = 

w =iom ocf Ul =< <a = a= § + a 

< maw) ~ =z = = ao x am 

~ ~~ wer OY) e ~ u tad +> a ee? aot 

uw ~~ ey) > 4 > UO <a > ~ 

— Ie). a te: a ad | < a 

(o 8) mia wus OC O w ~ > (a a a a 

qc) ~mOuUG @ (a ae Ce [a4 > ~ mm a 

bg a2 eu <a =) <I a + t+ <0 <a 

as ~YNO-Zz —— tL eens ac -_~ (a 1 

eae ws Zod uss ze _ Nac ~~ OO ~~ ~n 

= jms @ SM + ~ a —!)l Fe ~O ~a 

~ mm eO UW aQ™ ha >> OQ Oy ez + + +x 

x < ww A~W xO Ow + ~q aka eo ++ OC -~— —Q 

a O H% ZUs<{}— # O mea ] ) oO OO OO wu # 

uw rT] ~—+ os 0 wWac ae DMO ONT He el + + —— 

— ~~ ZOOM eluent + 2OM PT etHrwnr —U owe it SCO ~ (1) 

mm Ax e4OOOI+ ' ~ | w w FeO rT Se OO ect He ~— 

QO Ho 2+Onrt-m ei) oO Oo a-—~ ZOOU0oa Act AT ff eLlwewnst dh 

+ J Wty Ol sOrcm ermru LUY) tt —h— cUWU em Ox mit wet ern a> 

St art HOH W OOO DoOWR~e OnmUUFO FOr arn ettNAdYyYad 

IZ Sense Cnerewewz zt wosaz HX<X™x<XUaAFVUAZAIA | VIICeOORAe!S 

NCNOUNDYLMtecwcOwndAtOvwcniwna eZd<t etic onrnnsZty 2eeCn Wom 

lt (Reta dst UWLWOY tr YVUete tt J WOW2eelIVIVS IIS 2+ CAINS 

AVItInIGNHeEe SOK UINM WO MV) Pa We Oe eee De ee ae os Oo 

Ie arrOM YU Lon" LE WU row Ji FU rir wut lS WHS 

WCOAaSHU ea WOM WRT S OOS WO We UL Leet terete) OW Oo 
= = 


oO ~~ N aks = \N or 
— -_ 


12 





10 


5 
~o- 
oO 
™~ 
= 
o 
op) 2 
wee” 
= 

1 
w 10 
oO 
LL 
ie 5 
uu 
oO 
> 
= 
oO 2 
_ 
o. 
oc 0) 
o 10 
“” 
~ 
<= 
Yn) 5 
uw”? 
Pas 





PHOTON WAVELENGTH (A) 


Mass absorption coefficients versus 
photon wavelength for several absorption 
filter materials. [5 ] 


FIGURE 1 
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OAI Foil 


0 Be Foil 


X-RAY SIGNAL (AU) 


CUT-OFF 


Enercy (KEV) 
OL 


HICKNESS 27 81 190 410 10 8 40 150 
(MICRONS) 


300 


Example of emitted x-ray intensities from 
a plasma as a function of cut-off energy, 
Peeeeeor four Be and four Al foils of 
different thicknesses. The slope of the 
dotted line which fits the experimental 
points is between those for curves of 
Te=500eV and T.=2keV. Laser energy is 20J 
delivered in 10nsec. [37] 
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Laser target interaction zones: (l)laser light 
absorption zone, (2)high density zone, (3)undis- 
turbed solid, (F)electron density equals the 
Critical density, (S)shock front of the compres- 
Sion wave. [18] 
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Graph for converting photon energies expressed in 
Angstroms into electron volts. 
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10! 107 10° 


WAVELENGTH (A) 


Calculated features of the radiation spectrum 
of a hydrogen plasma contaminated by 2% 
oxygen. kT,=170ev, Ne=1018cm73. Gaunt f£acter 
Gerrections are not included. (29!) 


FIGURE 5 


78 








(%) NOISSIWSNVY] 


K-EDGE (A) 


tmeanem:_sSion curve of 5 and 15 micron Al filter. 
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Graph for converting foil thicknesses expressed 


in mg/sqcm into inches for various foil materials. 
[7] 
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Top view of vacuum chamber. 


FIGURE 8 
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Top view of x-ray probes in relation to 
the laser pulse, target and the plasma. 
The laser pulse and probes are located in 
the horizontal plane. 


FIGURE 9 
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Two x-ray probes mounted on a 5 inch diameter, 
1/2 inch thick Aluminum plate. Electrical con- 
nections through the plate are made with vacuum 
tight BNC connectors. The plate forms a vacuum 
bulkhead in window 5 of the chamber. 


FIGURE IL 
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X-RAY ENERGY (KEV) 


FIGURE 12 


85 








a. PIN diode energy level diagram 


b. Schematic diagram of the biasing 
circuit for a single double diffused 
PIN smwiliteon diode. [2 | 
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FIGURE 13 
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H. K-Dl photodiode 
weeroo diffuser 
K. Trigger diode 


- Delay box 
DC bias voltage 
2 Bilasing Cizcuit 


A. CW alignment laser L. +3 diopter converging lens 
B. Pockels cell M. Tek 564B storage scope 
C2erolarizer N. Energy signal 
Be Nd oscillator P. X-ray probes 
E. Beam expansion optics Q. Target 
F. Nd amplifier R. Vacuum chamber 
G. Beam splitter S. Delay cable 
Jk 
U 
V 


W. Inverting transformer 

X. Tek 7904 scope 

Y. Laser power and ey, 
trigger signal 





FIGURE 14 
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Schematic diagram of the Vacuum Photodiode 
Senacrmucted at the NPS Plasma Facility: (S3)} 
Beteeneat vacuum chamber potential, (S39) float- 
MagceEeCen,(o7) inner screen at ground potential, 
(C) cathode, (G) grounded core of the anode, (F) 
absorption foil window, (P) plasma, (HV) high 
voltage lead, (SIG) signal lead. [16 ] 
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500 mV/div 


20nNsec 


200 mV/div 


20nsec 


Vacuum Photodiode signal: (a)X-ray signal 
passing through 1.83mg/sqem Aluminum foil 
with a 10.7J laser pulse and Aluminum 
target. (b)Simultaneously recorded laser 
pulse. 
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1V/div 


20 nsec 


200mV/div 


20 nsec 


Typical temperature data from x-ray probes 

l and 2: (a)X-ray signal of probe 1 through 
Aluminum foil of thickness 3.66mg/sqcm 
followed by a delayed signal from probe 2 
through Aluminum foil of thickness 4.30mg/sqcm. 
(b)Simultaneously recorded laser pulse of 9.0J, 
FWHM 25nsec. 
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FIGURE 13 
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TRANSMISSION RATIO 


Laser energy: 9.9J 


Aluminum foils 
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ELECTRON TEMPERATURE (EV) 
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(6.97/8.54) mg/sqem 


2 3 5 7 


FLECTRON TEMPERATURE (EV) 


FIGURE 21 


WH 





TRANSMISSION RATIO 


4.5 


Waser genceroy. 7.7/4 


Aluminum foils 
(8.80/10.37) mg/sqem 


2 3 5 7 


CL ECTRON TEMPERATURE (EV) 
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TRANSMISSION RATIO 
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Laser energy: 10.0J 


Aluminum foils 
(10.37/13.94) mg/sqcem 
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ELECTRON TEMPERATURE (EV) 


FIGURE 23 
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TRANSMISSION RATIO 


Laser energy: 9.3J 


Aluminum foils 
(13.94/17.08) mg/sqem 
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FLECTRON TEMPERATURE (EV) 


FIGURE 24 
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FIGURE 25 
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FIGURE 26 
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FIGURE 27 


100 





TRANSMISSION RATIO 


4.5 
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Beryllium foils 
(15.30/23.90) mg/sqcem 


2 3 3 7 
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FIGURE 29 
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Laser energy: 9.0J 


Beryllium foils 
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FIGURE 30 
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NORMALIZED TRANSMISSION RATIO 


Ratio of the integrated 

Bremsstrahlung emission transmitted 
through Aluminum absorbing foils to 

the transmission through the thinnest 
foil (1.83mg/sqcm) versus Aluminum 

foil thickness for various temperature 





5 10 
THICKNESS (mMG/sS@ cM) 


FIGURE 31 
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NORMALIZED TRANSMISSION RATIO 


Ratio of the integrated 
Bremsstrahlung emission transmikted 
through Beryllium Absorbing foils 

the transmission through the thinnest 
foil (5.80mg/sqcem) versus Beryllium 
foil thickness for various temperatures 
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FIGURE 32 
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FIGURE 33 
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SECTION A-A 


X-ray probe arrangement for simultaneous 
Temperature/Magnetic Field measurements. 


FIGURE 36 
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